Serum calcium has been reported to be a predictor of short-term prognosis; however, evidence regarding its association with midterm mortality is scarce. We investigated the association between serum calcium levels at admission and midterm mortality in a retrospective cohort of 2594 consecutive patients with acute coronary syndrome (ACS) who presented to the First Affiliated Hospital of Harbin Medical University from November 2014 to December 2016. Patients were assigned to 4 groups according to the quartiles of serum calcium levels (Ca-Q1-4) and were followed longitudinally for the time to all-cause death. During a median follow-up period of 21.8 months (17.5∼29.5, IQR), 124 patients died (4.8%) of all causes. Kaplan-Meier curves showed that the incidence of midterm mortality differed significantly (log-rank P � 0.038) among the quartiles of serum calcium levels at admission. After adjustment for the confounders that were significant in the univariate analysis, the hazard ratios for the lowest quartile of serum calcium was 1.86 (95% CI, 1.05-3.31; P � 0.033), compared with the third quartile (reference group). A multiple restricted cubic spline regression model suggested a reverse J-shaped association between serum calcium levels and midterm mortality, and the lowest risk of mortality was associated with approximately 2.32 mmol/l of serum calcium. In conclusion, the serum calcium level is an independent predictor of all-cause midterm mortality among ACS patients. Patients with abnormal serum calcium levels at admission need more targeted treatments.
Introduction
Acute coronary syndrome (ACS) continues to be the leading cause of morbidity and mortality worldwide, costing billions of dollars in medical costs and depleting many public health resources [1] . However, the mechanisms underlying the poor prognosis of ACS patients have not yet been well elucidated, and it may be affected by several factors, such as baseline characteristics and treatment before, during, and after hospitalization [2] . us, it is still not possible to accurately identify the patients who are most likely to experience poor outcomes.
Electrolytes play a critical role in maintaining homeostasis, regulating heart and neurological functions, fluid balance, oxygen delivery, and acid-base balance. Serum calcium ions are considered to be one of the major electrolytes associated with the electrophysiological properties of the myocardium [3] . Calcium is involved in the physiological and biochemical processes of heart electrophysiology and contraction, blood coagulation, neurotransmitter release, enzyme activity regulation, and blood pressure regulation [4, 5] . Several previous studies have shown that a decreased or/and increased serum calcium level is an independent risk factor for in-hospital mortality in patients with acute myocardial infarction [6] [7] [8] [9] [10] . However, the clinical outcomes of these studies were mainly in-hospital death or 30-day postdischarge death, and evidence regarding the association between serum calcium levels and midterm mortality in ACS patients is still scarce. erefore, whether the serum calcium level is an independent risk factor for midterm mortality or just an intermediate variable that is associated with other cardiovascular risk factors and clinical outcomes remains unknown.
In the present study, we investigated the possible association between serum calcium levels and midterm mortality in a large cohort of ACS patients in China.
Materials and Methods

Study Design and Population.
e present investigation was a single-center, observational, retrospective cohort study in China. From November 2014 to December 2016, we identified 4,128 unique, consecutive patients with ACS who were admitted to the Department of Cardiology of the First Affiliated Hospital of Harbin Medical University. Patients aged ≥18 years with a clinical diagnosis of ACS who underwent an assessment of serum calcium levels were included in this study. ACS was diagnosed according to the criteria defined by the World Health Organization, based on patient medical history, clinical symptoms, electrocardiogram, echocardiography, and the levels of cardiac enzymes. Additional exclusion criteria were as follows: (1) final diagnosis were not ACS; (2) time from onset to admission more than 7 days; (3) with known renal failure, malignancy, and thyroid disorder. A total of 3,872 patients were potentially eligible for this study. In addition, we further excluded 1,278 patients because of missing calcium or albumin measurement (n � 962), died during hospitalization (n � 114), incomplete follow-up information (n � 202). Finally, a total of 2,594 patients with a diagnosis of ACS were eligible for this analysis ( Figure 1 shows the flow chart of patients). e ethics committee of the First Affiliated Hospital of Harbin Medical University approved the study protocol.
Baseline Data Collection and Serum Calcium.
A team of trained cardiologists, postgraduates, and statistical analysts reviewed the eligibility of study participants and collected the data. Demographic data, medical history, medication use, in-hospital complications, reperfusion strategy, and the results of laboratory and echocardiography tests were obtained from the electronic medical records. Venous blood samples were obtained after overnight fasting from each patient within the first 24 h of admission. Laboratory variables were examined at the hospital's clinical laboratories. Plasma ion concentrations, including serum calcium levels, were measured using an ion-specific electrode (Auto Analyser; Hitachi Inc., Tokyo, Japan). e estimated glomerular filtration rate (eGFR) was calculated using the serum creatinine level with the CKD-EPI China equation with an adjusted coefficient of 1.1 for the Chinese population [11] . e first available serum calcium (mmol/L) levels were corrected for albumin levels (g/dL) according to the following formula: observed serum calcium (mmol/ L) + 0.02 * (40 g/L− albumin g/L) [12] . All serum calcium levels for each patient were corrected for albumin and categorized into 4 groups according to the quartiles of serum calcium concentrations: Q1 (<2.21 mmol/l), Q2 (2.21∼2.28 mmol/l), Q3 (2.28∼2.36 mmol/l), and Q4 (>2.36 mmol/l) for all analyses.
Primary Endpoint and Clinical Follow-up.
e primary endpoint for this study was midterm all-cause mortality (within 3 years after discharge or until February 2018). Clinical follow-up endpoint data and the timing of clinical outcomes were obtained by reviewing outpatient electronic medical records and telephone interviews. Mortality data and the details of deaths were available from the medical records of patients or telephone contact with their family members.
Statistical Analysis.
e data distribution was examined using the Kolmogorov-Smirnov test. Continuous but nonnormally distributed variables are presented as medians (interquartile range), and categorical variables are presented as counts and percentages. Baseline characteristics (continuous variables) among the groups of quartiles of serum calcium were compared using the nonparametric Kruskal-Wallis test, and categorical variables were tested using the chi-square test or Fisher's exact test, as appropriate. e freedom from midterm mortality according to the quartiles of serum calcium was estimated using the Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate Cox proportional hazards regression models were used to estimate the risk of midterm mortality. Hazard ratios (HRs) and confidence intervals (CIs) were calculated for the quartiles of serum calcium concentrations, with the third quartile (Q3) as the reference. e association between serum calcium levels and midterm mortality was evaluated in 3 models. e crude and age-and sex-adjusted association models were established as Model 1 and Model 2, respectively. For the multivariate adjusted Model (Model 3), only the potential covariate variables that were significantly associated with midterm mortality in the univariate analyses were included. In addition, we performed restricted cubic splines in multivariate adjusted Cox models to evaluate the shape of the association between serum calcium levels (continuous) and midterm mortality. e C-index and net reclassification improvement (NRI) were calculated to examine the independent predictive value of serum calcium levels for midterm mortality. e C-index was defined as the area under the receiver operating characteristic curves between individual predictive probabilities for events. NRI was determined to calculate the percentage of individuals who would be correctly reclassified when the existing model was updated by the inclusion of the serum calcium concentration. To examine the potential heterogeneous effect of serum calcium on midterm mortality, we performed subgroup analyses. Subgroup analyses were conducted in a multivariate adjusted model stratified by age (≥60 vs. 60 years), sex, current smoking, history of hypertension, history of stroke, history of coronary heart disease, classification of ACS, eGFR (≥60 vs. <60 ml/min/1.73 m 2 ), and LVEF (≥50 vs. <50%). e first-order interactions in multivariable Cox proportional hazards regression models were examined by entering interaction terms between the serum calcium and the subgroup variables. And we assess the effect of serum calcium on midterm mortality in each subgroup. e R (version 3.4.1) software was used for managing the data, generating plots, and performing the statistical analyses. Two-sided P values < 0.05 were considered statistically significant for all estimates.
Results
Clinical Characteristics.
Among the 2594 patients with ACS who met the diagnostic criteria for this study, the median age was 60.0 years (53.0∼68.0, IQR), and 68.4% of the patients were men. Serum calcium concentrations approximated a normal distribution (Figure S1), with a mean level of 2.27 (0.46, SD) and a median level of 2.28 (2.21∼2.36, IQR). e baseline characteristics of the patients based on serum calcium quartiles are listed in Table 1. In the low serum calcium group, the majority of patients were men who had ST-elevation myocardial infarction (STEMI), with lower average hemoglobin, uric acid, serum phosphate, and serum chloride levels; lower LVEF; and higher albumin, BUN, serum magnesium, and LAD levels.
Clinical Outcomes.
Over the median follow-up period of 21.8 months (17.5∼29.5, IQR), 124 patients died (4.8%) due to all causes. Patients in the lowest serum calcium quartile exhibited the highest incidence of mortality ( Figure S2 ). Kaplan-Meier curves for the freedom from all-cause death according to the quartiles of serum calcium are shown in Figure 2 . e curves of the quartiles of calcium differed significantly (log-rank P � 0.038), and patients in the lowest calcium quartile had the highest cumulative incidence of mortality. Univariate Cox proportional hazards regression indicated that age, sex, history of hypertension, history of stroke, history of coronary heart disease, complicated heart failure, complicated arrhythmia, complicated atrioventricular block, aspirin on admission, percutaneous coronary intervention (PCI), coronary angiography, hemoglobin level, uric acid level, estimated glomerular filtration rate (eGFR), serum phosphate level, serum magnesium level, serum potassium level, left ventricular ejection fraction (LVEF), left atrial diameter (LAD), left ventricular end diastolic diameter (LVEDD), interventricular septum thickness (IVST), and serum calcium level were significantly associated with midterm mortality (all P < 0.05, Table S1 ). Table 2 shows the different Cox proportional hazard models for serum calcium levels and midterm mortality. In the unadjusted (Model 1) and age-and sex-adjusted (Model 2) models, the hazard ratio for midterm mortality was significantly lower among patients in the lowest quartile (Q1, <2.21 mmol/l) of serum calcium levels compared than among those in the third quartile (Q3, 2.28∼2.36 mmol/l). After adjustment for other confounders (significant factors in the univariate analysis), the hazard ratios for midterm mortality among patients in the lowest quartile of serum calcium levels was 1.86 (95% CI, 1.05-3.31; P � 0.033), compared with the third quartile (Model 3). In addition, we found that in any of these models, there were statistically significant differences among patients in the lowest quartile and second quartile (Q2, 2.21∼2.28 mmol/l), but no statistically significant differences when compared patients in the lowest quartile and highest quartile of serum calcium levels (Q4, >2.36 mmol/l). When using a multiple restricted cubic spline Cox regression model, the result showed that the relationship between serum calcium and midterm mortality was seemed reverse J-shaped, and we also observed that the lowest risk of mortality was associated with approximately 2.32 mmol/l serum calcium (Figure 3) . Table S2 shows that the C-index for midterm mortality was higher in the established risk factors model after the addition of serum calcium (0.75 vs. 0.77; P � 0.042), and the NRI for midterm mortality also increased after serum calcium was added to the established risk factors model (net reclassification indexes, 0.22; P � 0.025). e subgroup analysis showed that there was no effect modification of the association between serum calcium levels and midterm mortality in different groups of age, sex, current smoking, history of stroke, history of coronary heart disease, classification of ACS, eGFR, and LVEF (Figure 4 ). However, there was a significant interaction between the history of hypertension and serum calcium levels with regard to the risk of midterm mortality (P -interaction � 0.026). e significant association between serum calcium and mortality was only observed among patients with a history of hypertension. Kaplan-Meier curves for comparing survival among serum calcium quantiles in patients with or without a history of hypertension are shown in Figure S3 
Discussion
e major findings of the present study of 2594 patients were that the serum calcium level is an independent predictor of the all-cause midterm mortality risk in ACS patients, and a reverse J-shaped relationship between serum calcium levels and mortality was observed. Patients with reduced serum calcium levels had a significantly higher incidence of midterm mortality, and the lowest risk of mortality was associated with approximately 2.32 mmol/l serum calcium. is relationship remained consistent in different adjusted models. Serum calcium levels added to the established risk factors model could improve the prediction of midterm mortality. Furthermore, the subgroup analyses indicated that serum calcium and hypertension history had a significant interaction with regard to mortality prediction, and serum calcium levels were predictors of mortality only in patients with a history of hypertension.
To the best of our knowledge, this is the first study to show that serum calcium levels are associated with the midterm mortality risk in ACS patients. It is well known that increased serum calcium levels are associated with the risk of cardiovascular events and mortality in the general population [13] [14] [15] [16] [17] [18] . Nevertheless, evidence is inconsistent in most hospital-based studies regarding the relationship between serum calcium levels and mortality in patients with cardiac and noncardiac diseases [19] [20] [21] . Two studies in China reported that decreased baseline serum calcium levels were associated with a high risk of in-hospital mortality in myocardial infarction patients [6, 9] . A recent study with a large sample size reported a U-shaped association between serum calcium levels and in-hospital mortality [8] . However, these studies were mainly focused on the short-term outcome of patients, and evidence regarding the midterm outcome of patients is very scarce. An earlier prospective study of stable coronary heart disease patients suggested that a higher baseline calcium level was associated with the risks of cardiovascular and all-cause mortality [22] . One study in southern China reported for the first time that lower serum calcium levels at the baseline were correlated with an increased risk of long-term all-cause and cardiovascular mortality among coronary heart disease patients, while higher serum calcium levels (≥2.37 mmol/L) were not [7] . e potential explanation for the discrepancies among these studies may be due to differences in populations, the clinical characteristics of the patients, the inclusion and exclusion criteria, the study sample size, and the length of follow-up. In the present study of ACS patients, after adjusting for demographic characteristics, medical history, medication and treatment at admission, and other conventional cardiovascular risk factors, low serum calcium levels at admission were found to increase the midterm mortality risk. Moreover, although there was no statistical difference between the high serum calcium group and the reference group, it is still seen from the relationship curve that patients with high serum calcium had an upward trend of death. Interestingly, there is still no consensus on the cutoff points to define the levels of serum calcium needed to reduce the risk of death in most studies. Our findings suggested that maintaining serum calcium levels at approximately 2.32 mmol/l at the time of admission can minimize the midterm risk of death. Furthermore, some previous clinical studies indicated that altered calcium homeostasis was associated with an increased mortality risk in patients with chronic kidney disease and heart failure [19, 20, 23] . In this study, we excluded patients with renal failure and adjusted for the eGFR and cardiac function indicators in the multivariate analysis. In addition, we stratified patients on the basis of the eGFR, LVEF, and other important clinical features and ultimately demonstrated the effectiveness of serum calcium levels at admission in predicting midterm mortality risk among ACS patients. e exact mechanisms through which serum calcium leads to an elevated risk of midterm death remain unclear. Calcium ions are one of the most critical signal transduction molecules in cells and play an indispensable role in cardiac electrophysiological processes [24] . e destruction of intracellular calcium homeostasis seriously affects the cardiac excitation-contraction coupling function, and severe cases can lead to cardiac death [25] . Decreased serum calcium levels lead to an abnormal increase in intracellular calcium levels, which may accelerate the formation of atherosclerotic plaques and increase cardiotoxicity [26, 27] . In addition, serum calcium levels may cause L-type calcium channel inactivation, leading to platform depolarization and the shortening of the cardiac action potential, causing a prolonged QT interval, which is known to be associated with cardiac death in the general population [28] . High serum calcium levels can also cause an increase in free calcium levels, disrupting calcium homeostasis and interacting with phosphate, vitamin D, and other metabolites to accelerate the progression of calcification, ultimately leading to the occurrence of acute cardiovascular events [29, 30] . Furthermore, decreased serum calcium is associated with various well-known cardiovascular risk profiles, such as hypertension, left ventricular hypertrophy, arrhythmia, and heart failure [24] . e present study shows that the relationship between midterm mortality and serum calcium levels is more obvious in patients with a history of hypertension.
ere are several limitations in our study. First, we only evaluated serum calcium at the time of admission, and serum calcium levels may vary over time. is prevented us from assessing the relationship between changes in serum calcium levels over time and the risk of midterm clinical outcomes. Second, some seriously ill patients with severe imbalances in calcium homeostasis died on their way to the hospital. We did not have information on these patients, which may have led to the underestimation of the association. ird, the study outcome only focused on all-cause midterm death; therefore, our results do not enable us to explain the associations with cause-specific death and other clinical outcomes. Fourth, the characteristics of the excluded patients who were lost to follow-up or lacked the measurement of serum calcium may be different from those of the selected patients, which could have resulted in research bias. Fifth, although we collected numerous relevant covariates, some potential confounders (e.g., vitamin D, bone metabolites, and thyroid hormones) were not considered. Finally, this study was conducted at a single center with a relatively high level of cardiovascular disease treatment and only involved Chinese patients; thus, the results of this work may not be applicable to all populations.
Conclusions
Serum calcium levels at the time of admission are an independent predictor of all-cause midterm mortality among ACS patients, with a reverse J-shaped relationship. e effective use of serum calcium as an available biomarker may play a role in the midterm risk stratification of patients with ACS. Further studies are needed to determine how therapy affecting serum calcium levels can improve the midterm prognosis and to clarify the underlying mechanisms.
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